
pubs.acs.org/Biochemistry Published on Web 08/27/2010 r 2010 American Chemical Society

8468 Biochemistry 2010, 49, 8468–8477

DOI: 10.1021/bi1008535

NMR Characterization of Copper-Binding Domains 4-6 of ATP7B†,‡

Negah Fatemi,§,^ Dmitry M. Korzhnev,§, ) Algirdas Velyvis,§, ) Bibudhendra Sarkar,*,§,^ and Julie D. Forman-Kay*,§,^

§Department of Biochemistry, and )Departments of Chemistry and Medical Genetics, University of Toronto, Toronto,
Ontario M5S 1A8, Canada, and ^Program in Molecular Structure and Function, Hospital for Sick Children,

Toronto, Ontario M5G 1X8, Canada

Received May 26, 2010; Revised Manuscript Received August 19, 2010

ABSTRACT: The Wilson disease protein (ATP7B) is a copper-transporting member of the P-type ATPase
superfamily, which plays a central role in copper homeostasis and interacts with the copper chaperone Atox1.
The N-terminus of ATP7B is comprised of six copper-binding domains (WCBDs), each capable of binding
one copper atom in the þ1 oxidation state. To better understand the regulatory effect of copper binding
to these domains, we have performed NMR characterization of WCBD4-6 (domains 4-6 of ATP7B). 15N
relaxation measurements on the apo and Cu(I)-bound WCBD4-6 show that there is no dramatic change in
the dynamic properties of this three-domain construct; the linker between domains 4 and 5 remains flexible,
domains 5 and 6 do not form a completely rigid dimer but rather have some flexibility with respect to each
other, and there is minimal change in the relative orientation of the domains in the two states. We also show
that, contrary to previous reports, the protein-protein interaction between Atox1 and the copper-binding domains
takes place even in the absence of copper. Comparison of apo and Cu(I)-bound spectra of WCBD1-6 shows
that binding ofCu(I) does not induce the formation of a unit that tumbles as a single entity, consistent with our
results for WCBD4-6. We propose that copper transfer to and between the N-terminal domains of the
Wilson Cu-ATPase occurs via protein interactions that are facilitated by the flexibility of the linkers and the
motional freedom of the domains with respect to each other.

Copper is an essential trace element which plays an important
role in mammalian cellular metabolism (1). While trace amounts
of copper are needed to sustain life, excess copper is extremely
toxic. Although various aspects of copper transport and meta-
bolism have been investigated, many specific details of intra-
cellular copper transport remain elusive. Cloning of the genes
responsible for the two closely related major genetic disorders of
copper metabolism in humans, Menkes disease (ATP7A) (2-4)
andWilson disease (ATP7B) (5-7), was amajor breakthrough in
the understanding of intracellular copper transport. Both genes
encode copper-transporting P-type ATPases that play central
roles in copper transport and homeostasis, using ATP to trans-
port copper across the membrane against an electrochemical
concentration gradient (8). Both transporters are localized to the
trans-Golgi network where they receive copper from the copper
delivery protein Atox1 (also known as HAH1) and transport it
across the membrane for incorporation into copper-dependent
enzymes (9-11). They also remove excess copper from the cytosol
by vesicular trafficking to the plasma membrane in response to
elevated intracellular copper levels (12-14).

ATP7A and ATP7B share certain core structural features with
other members of the P-type ATPase family: a transmembrane
domain, a nucleotide-binding domain, a phosphorylation domain,

and an actuator domain (8). A crucial feature of the human copper-
transporting ATPases is the presence of a large N-terminal
segment, comprised of six copper-binding domains, each capable
of binding one copper atom in theþ1 oxidation state (15, 16) in a
cooperative manner (15, 17). The six copper-binding domains
have ferredoxin folds and are connected by linkers of various
lengths. ATP7B performs its role by interactingwithmany cellular
components in order to receive, transport, traffic, and excrete
copper (18). ATP7B is known to interact with at least twoproteins,
the copper chaperone Atox1 (19-21) and COMMD1, which has
been shown to bind copper in the Cu(II) state (22, 23). In both
cases, the N-terminal segment of ATP7B has been identified as
the site of interaction. It has also been shown that this region
interacts in a copper-dependent manner with the cytoplasmic
nucleotide-binding/phosphorylation domain of ATP7B, with
copper decreasing the interaction (24). An intact and functional
N-terminal region is also required for the copper-induced phos-
phorylation of ATP7B (25) which is in turn required for vesicular
trafficking (26). Mutations found within Wilson copper-binding
domains (WCBD)1 1, 5, and 6 are known to give rise to Wilson
disease (27) and show an impaired interaction with Atox1 (19),
demonstrating their importance in ATP7B function. Domains 5
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and 6, the domains closest to the membrane spanning segment,
have been shown to play a critical role for copper transport as
well as copper-dependent intracellular trafficking ofATP7B (28).
However, the mechanism by which these domains receive copper
prior to transport across the membrane is not clear.

Investigations of the closely related Menkes protein ATP7A
using a three-domain construct (MNK4-6) (29) and more
recently on the entire N-terminal region (MNK1-6) (30) show
that MNK1 and MNK4 form a stable adduct with Cu(I) Atox1
and are therefore likely the preferential sites for this interaction.
On the other hand in ATP7B, domains 2 and 4 are thought to
interact with Atox1 (31, 32) showing that, although these two
proteins are closely related, there are subtle yet significant differ-
ences in their N-terminal copper-binding domains. In a study
involving the single-domain WCBD4 added to the two-domain
WCBD5-6, it was shown that Atox1 can transfer copper through
the formation of a stable adduct toWCBD4 but notWCBD5-6,
and WCBD4 is able to transfer copper to WCBD5-6 (31).
Further emphasizing the distinction between the Wilson and
Menkes N-terminal region, these results are in contrast to the
MenkesN-terminus,where domain 6 can bindmetal independent
of domain 4 (30). Until the recent characterization of entire
N-terminal domain of ATP7B (33), which showed that all six
domains can be metalated by Cu(I) Atox1, most studies focused
on single or two-domain constructs (31, 34). Dynamic information
is available only for the two-domain constructs of WCBD5-6 in
the apo state (31) and WCBD3-4 in the apo and Cu(I)-bound
states (34). There has been no dynamic characterization of the
entireWCBD1-6 nor of other constructs containing greater than
two domains, with the exception of MNK4-6, which is lacking
data from domain 5 in the Cu(I)-bound state (29).

In order to understand the mechanism of intracellular regula-
tion and transport of copper, we chose to analyze an intact segment
of the ATP7B N-terminal copper-binding domains spanning
domains 4-6 (WCBD4-6). Interest in this particular construct
stems from the inherent importance of domains 5 and 6 to copper
transport and domain 4 as a target site for copper delivery from
Atox1, with domains 4 and 5 joined by an uncharacterized flexible
linker. We demonstrate the interaction of apo WCBD4-6 with
apo Atox1 without the need for copper. We present the results
of 15N NMR relaxation studies of WCBD4-6 with coverage
of three domains and the linker region in both the apo andCu(I)-
bound states. We show that the Cu(I)-binding domains of
WCBD4-6 have independent mobility in the apo and the Cu(I)-
bound state and that copper binding does not induce a change in
the relative orientation of the domainswith respect to one another.
Comparison of NMR spectra of WCBD1-6 in the apo and
Cu(I)-bound states suggests that domains 1-6 also retain some
degree of flexibility with respect to one another, even in the Cu(I)-
bound state. Thus, the flexibility of theN-terminal copper-binding
domains with respect to each other appears to be an essential
feature of the Wilson ATPase.

MATERIALS AND METHODS

Cloning, Purification, and NMR Sample Preparation of
WCBD4-6. The DNA sequence encoding WCBD4-6 (amino
acids 357-632 of ATP7B) was amplified via PCR and subcloned
into a pET SUMO vector in Escherichia coli BL21 (DE3) cells.
Cells were grown at 37 �C in M9 D2O minimal media, supple-
mented with 10 mg/L biotin, 10 mg/L thiamin, 0.3% glucose
(13C-glucose was used in samples prepared for backbone assign-
ment experiments), and 0.1% 15NH4Cl. Expression of the fusion

protein was induced atA600 of 0.6-0.8 by the addition of 0.1mM
IPTG for 18 h at 18 �C. Cells were harvested at 4420g for 15 min
at 4 �C. The supernatant was poured off, and the bacterial pellets
were either stored at -20 �C or lysed immediately. All buffers
reported herein were prepared in such a way as to minimize
cysteine oxidation: DTT-less solution was made, degassed under
vacuum, purged with argon (for at least 30 min at room temper-
ature), and then supplemented with DTT. Cell pellet was
resuspended in binding buffer A (20 mM Tris-HCl, 500 mM
NaCl, 10 mM imidazole, 2 mM DTT, pH 8, and 1 minitablet of
EDTA-free Complete protease inhibitor cocktail per 100 mL of
buffer A), lysed by sonication on ice for 5�1 min (pulsed), and
centrifuged for 45 min at 118000g at 4 �C. The residual pellets
were resuspended in the same buffer, sonicated, and centrifuged
oncemore. The pooled supernatantswere 0.8μmfiltered to remove
cell debris and applied to aNi2þ affinity column equilibratedwith
binding buffer A. After 1 h incubation at 4 �C while mixing, the
column was washed extensively with the same buffer. The fusion
protein was eluted with binding buffer A containing 500 mM
imidazole. The eluate was allowed to digest with SUMOprotease
(Ulp) in the cold overnight. The digest was concentrated and
applied to a Superdex-75 Hi-load gel-filtration column equili-
brated with NMR sample buffer B (20 mM NaK-phosphate,
130 mMNaCl, 5 mMDTT, pH 6.0). Fractions corresponding to
each protein were collected and concentrated in NMR sample
buffer B.
Cloning, Purification, and NMR Sample Preparation of

Atox1. The pGEX-6P-2 plasmid containing Atox1 was trans-
formed into E. coli BL21 (DE3) cells, and the protein was
expressed and purified according to previously described proto-
col (35) with a few changes. The fusion protein was digested on
column according to standard protocol with PreScission protease.
The flow-through containing Atox1 was concentrated, and as a
final purification step, it was applied to a Superdex-75 Hi-load
XK16/60 column (120 mL bed volume) equilibrated with NMR
sample buffer B. Fractions corresponding to Atox1 were collected
and concentrated in NMR sample buffer B.
Cloning, Purification, and NMR Sample Preparation of

WCBD1-6. The DNA sequence encoding WCBD1-6 (amino
acids 1-632 of ATP7B) was amplified via PCR and subcloned
into a pGEX-6P-2 vector inE. coli BL21 (DE3) cells. One liter of
cell culture was grown at 37 �C according to standard protocol.
Protein expression was induced with 1 mM IPTG at room
temperature for 16 h. The cells were harvested, and the cell pellet
was resuspended in buffer C (100 mMNaH2PO4, 200 mMNaCl,
10 mM DTT, pH 7.0) and either stored at -20 �C or lysed
immediately to extract protein.

Cells were thawed and incubated at room temperature with
1 mg/mL lysozyme for 15 min. One millimolar PMSF, 1 mM
EDTA, and1minitablet ofEDTA-freeComplete protease inhibitor
cocktail were added. Cells were lysed by sonication on ice, lysate
was centrifuged for 30min at 50000g, and filtered through a 0.8μm
filter to removecelldebris.Twentymillilitersofglutathione-Sepharose
was equilibrated in buffer C and mixed with cleared lysate for
30min at 4 �C. The suspension was drained, washed with 160mL
of buffer C supplemented with 10 g/L Triton X-100, and then
washed with 140 mL of buffer C. Target protein was eluted in
40mL of buffer C containing 10mM reduced glutathione. Thirty
units of PreScission proteasewas added to eluted protein, and the
mixturewas dialyzed against 2 L of bufferD (100mMNaH2PO4,
200 mM NaCl, 5 mM DTT, pH 7.0) for 1 day in cold room. As
the flow-through fraction from the glutathione-Sepharose resin
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contained an appreciable amount of target protein, the glutathione
affinity step was repeated on the flow-through fraction. Fifteen
units of PreScission protease was added to protein obtained from
repeat purification and likewise dialyzed against 2 L of buffer D
for 1 day.

PreScission protease cleavage was continued for the second
day in the freshly made 2 L of buffer D, after which dialysates
were passed through to glutathione-Sepharose resin equili-
brated in buffer C. The flow-through fraction containing the
WCBD1-6 fragment was then dialyzed against 2 L of buffer E
(50 mMNaH2PO4, 1 mM EDTA, 5 mMDTT, pH 7) overnight,
loaded onto a 20 mL bed volume Q-Sepharose column, and
eluted with a 400 mL gradient of 0-1 M NaCl in buffer E.

Fractions containing WCBD1-6 were pooled; 10% (w/w)
glycerol and additional DTT to 20 mM were added. Into this
solution solid urea was dissolved to 5.2M solution, incubated for
30 min on ice, and dialyzed twice against 2 L of refolding buffer
(buffer E with 10% v/v glycerol). Refolded WCBD1-6 was
further purified on a Superdex 200 Hi-load XK16/60 column
(120 mL bed volume) in 100 mM NaH2PO4, 200 mM NaCl,
1 mM DTT, and 20 mM BME. Relevant fractions were pooled
and dialyzed against 1.1� concentration ofNMRbuffer F (50mM
NaH2PO4, 150mMarginine, 1mMEDTA, 10mMDTT, pH6.5).
Copper Loading of Protein Samples. Protein purification

according to the above protocols typically yielded apo Atox1
containing no copper and “near-apo” WCBD4-6, which can
contain as much as 8% copper, where 100% copper content
would be equivalent to three copper atoms per protein molecule.
Treatment with copper-specific chelator BCS (bathocuproine-
disulfonic acid) followed by extensive dialysis did not affect the
copper content of WCBD4-6. Protein concentrations were
confirmed with amino acid analysis, and copper content of every
Atox1 and WCBD4-6 sample was determined using the Cu(I)
assay described by Brenner and Harris (36). EPR spectroscopy
of the samples confirmed the absence of significant (<100 nM)
concentrations of paramagnetic Cu(II) from the samples (Sup-
porting Information) (22, 23). WCBD1-6 as purified from
E. coli cells, according to ICP-AES analysis, contains 0.35 copper
atoms per protein molecule, or 0.35/6=0.058 copper per domain,
if all copper atoms were distributed evenly across all six domains.
It has been previously reported that all of the copper-binding
domains have comparable affinities for binding copper (37) and
thatmost are exchangeable except for one or two (38); for example,
domain 2 retains copper in excess BCS (39).We therefore refer to
Atox1,WCBD4-6, andWCBD1-6, as purified fromE. coli cells
minus themetal removal stepdescribed inpreviousprotocols (40),
as the apoprotein.

Copper loading of WCBD4-6 was achieved according to
established protocols (40) using a 10-fold molar excess of CuSO4

with DTT acting as a reductant. Precipitation was removed by
centrifugation, and unbound copper was removed by dialysis in
buffer A and gel filtration in NMR sample buffer B. WCBD4-6
NMR samples were 450-500 μM in 0.5 mL of NMR sample
buffer B containing 0.5 mM DSS, 0.05% azide, 10 mM benz-
amidine, and 10% (v/v) D2O and were sealed in an argon-
blanketed NMR tube. Copper-loaded (1:1 molar ratio) Atox1
was prepared as was described for WCBD4-6.

WCBD1-6 was copper-loaded by adding 200 mM CuCl2 in
the presence of 20 mMDTT to achieve a 5-fold excess of copper
over total binding sites. Precipitation was removed by centrifuga-
tion, and the sample was dialyzed overnight into 1.1� NMR
sample buffer F.

NMRSpectroscopy.WCBD4-6 NMR spectra were acquired
at 35 �C on four-channel Varian Unity Inova spectrometers
operating at 500 and 600 MHz 1H frequencies. Apo and Cu(I)-
boundWCBD1-6NMRspectra were acquired at 25 �Con four-
channel VarianUnity Inova spectrometers operating at 500MHz.
HSQC spectra of apoWCBD4-6 and apoWCBD1-6 in NMR
sample buffer B were also acquired at 45 �C at 500 MHz for
comparative purposes.Datawere processed usingNMRPipe (41)
and analyzed using NMRView (42).
Assignment Experiments. 1HN, 15N, 13CR, 13Cβ, and 13CO

resonance assignments were performedon 500 μMapoWCBD4-6
using three-dimensional HNCO, HN(CA)CO, HNCA, HN-
(CO)CA, HNCACB, HN(CO)CACB, and (H)CC(CO)NH-
TOCSY experiments (43).
NMR Cu Titrations of WCBD4-6. The Cu(I)-loaded

state was assigned by titrating small amounts of copper and
following the chemical shifts of cross-peaks. HSQC spectra were
recorded at 500 MHz at 0, 200, 600, 1000, 1500, and 2000 μM
CuSO4. The NMR sample tube was sealed and argon-blanketed
after each successive addition. To prevent dilution during the
course of the titration, the NMR sample was concentrated as
required to maintain a sample volume of approximately 0.5 mL
and protein concentration of 500 μM.
NMR Titration of Apo WCBD4-6 with Atox1. Titra-

tions were carried out at 35 �C using a 500 MHz spectrometer,
and 15N-1H TROSY spectra were recorded at each point. The
apo WCBD4-6 sample was at a concentration of 450 μM in a
450 μL volume. Apo Atox1 and Cu(I) Atox1 were added directly
into the NMR tube containing the apo WCBD4-6 sample.
Spectra were recorded after each addition at 0, 5, 10, 20, 50, 100,
275, 510, 700, 850, 1500, 1700, and 2600 μMfor apoAtox1 and at
150, 225, 450, 900, 1350, and 3500 μM for Cu(I) Atox1. NMR
samples were concentrated at several steps during the course of
the titrations to maintain signal intensity and sample volumes of
approximately 0.5 mL. To ensure that the interaction was fully
saturated, titrations were performed to the point where no
additional spectral changes were observed, indicating that titra-
tion end points for the apo Atox1 and Cu Atox1 titration had
been reached. For the apoAtox1 titration, there were no changes
beyond 1500 μM and no changes beyond 1350 μM for the Cu(I)
Atox1 titration.
NMR Relaxation. 15N T1, T1F, and heteronuclear 15N{1H}

NOE measurements were performed as described elsewhere
(44, 45). Spectra of the apo andCu(I)-loaded states were recorded
at 35 �C at 600 MHz for T1, T1F, and heteronuclear NOE and at
500MHz forT1 and T1F. LongitudinalT1 and rotating frame T1F
relaxation times and their uncertainties were obtained from
exponential fits of peak intensities in a series of 2D 1H-15N
correlation spectra using the DFIT module of the DASHA
program (46). The resonances for about 30% of residues were
excluded from the analysis due to spectral overlap. Transverse
relaxation rates (R2) were calculated from R1 and R1F using the
equationR1F=R1 cos

2 θþR2 sin
2 θ, where θ=arctan(ωSL/Δω),

R1=1/T1, and R1F=1/T1F, Δω is the resonance offset from the
spin-lock carrier, and ωSL is the spin-lock field strength (1779.4
and 1811.6Hz at 500MHz and 1953.1 and 1968.5Hz at 600MHz
for the apo and Cu(I)-loaded samples, respectively). 15N{1H}
steady-state NOE values were determined from the ratio of the
intensities of the respective cross-peaks in 1H-15N correlation
spectra obtained with and without proton saturation. Errors for
the NOE values were determined from signal-to-noise ratios in
spectra.Toaccount forpossible systematic errors in the experimental
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data, minimal errors of 5% and 0.05 were assumed forR1 andR2

rates and NOE values, respectively.
The overall rotational correlation times (τc) and the rotational

diffusion tensors of the individual domains of both the apo and
Cu(I)-bound forms of WCBD4-6 were determined from 15N R1

and R2 values using the program DASHA (46), which uses the
model-free approach of Lipari and Szabo (47). For each domain,
R1 and R2 data at 600 MHz from residues in rigid parts of the
domains (those with NOE>0.6) were globally fit to isotropic
and asymmetric anisotropic models of overall rotation (46). The
former model includes one parameter of molecular overall rota-
tional diffusion, τc, while the later includes six parameters that
describe anisotropic rotational diffusion, τc=1/(2(DxþDyþDz)),
Dx/Dz, Dy/Dz, where Dx, Dy, and Dz are eigenvalues of the
rotational diffusion tensor and Euler angles R, β, and γ that orient
the tensor within the PDB frame. The selection of the appropriate
form of overall rotation using an F-test has shown that the
anisotropic model is always required to properly fit the data. The
structures of apo domains 3-4 (PDB id: 2rop) and apo domains
5-6 (PDB id: 2ew9) were used for the fit of the rotational diffusion
models for domain 4 and domains 5 and 6, respectively.

Model-free analysis was performed on apo WCBD4-6 only
due to a small inconsistency between 500 and 600 MHz data
collected on the Cu(I)-bound protein. The inconsistency may be
due to paramagnetic relaxation contributions from oxidation of
Cu(I) to Cu(II). Bertini et al. (48) have documented the para-
magnetic contribution of Cu(II) to 15N R2. For a protein with a
10 ns rotation correlation time, the paramagnetic contribution
from Cu(II) at 5 Å distance is 3000-20000/s to 1H R2 and
∼30-200/s to 15NR2 (∼100 times less), in a 1mMprotein sample
containing as little as 100 nM Cu(II). Therefore, in a 0.5 mM
WCBD4-6 sample, as low as 50 nM Cu(II) may result in a 0.1/s
contribution to 15N R2 values. Although precautions were taken
to keep the oxidation of copper to a minimum during sample
preparation, it could not be totally avoided once theNMR sample
was placed in the magnet and experiments were begun.

Following the characterization of molecular overall rotation,
the parameters of molecular rotational diffusion tensors of indi-
vidual domains of apoWCBD4-6 were fixed and used inmodel-
free analysis. The residues belonging to the flexible linkers were
excluded from the analysis. 15N R1, R2, and

15N{1H} NOE data
at two magnetic fields (up to five experimental data per residue;
see above) were fit using the following models of spectral density
function including different number of parameters of internal
motions (shown in brackets): {S2}, {S2, Rex}, {S

2, τe}, {S
2, τe,

Rex}, and {Ss
2, Sf

2, τs}, where S
2 and Ss

2, Sf
2 (S2=Ss

2, Sf
2) are

generalized order parameters, τe, τs are correlation times for the
internal motions, and Rex is the exchange contribution to trans-
verse relaxation (at 500 MHz spectrometer) due to conforma-
tional exchange on microsecond to millisecond time scales. The
order parameters reflect angular amplitudes of the internal
motions of the amide bond vectors, while the correlation times
reflect the time scale of the internal motions. In the original
Lipari-Szabo approach order parameters S2 and correlation
times τe are used to characterize fast picosecond time scale
dynamics (47). The theory was extended to account for internal
motions on two time scales: picosecond with the correlation time
τf and order parameter Sf

2 and subnanosecond with correlation
time τs and order parameter Ss

2 (49). The model selection was
performed based on the values of the χ2 target function obtained
in fits of relaxation data; more complex models were selected if
they led to significant improvements in the fits (F-test confidence

level of 0.25). Despite this relatively loose criterion for acceptance
of more complex models assuming dynamics on micro to milli-
second or subnanosecond time scales, the data for most of the
residues indicate restricted mobility on the picosecond time scale
consistent with the simplest spectral density models (see below).

RESULTS

ProteinStructureCharacterization.Triple resonance experi-
ments were used to assign 88% of the non-proline 1HN, 15N,
13CO, 13CR, and 13Cβ chemical shifts for WCBD4-6, residues
T357-A632 of ATP7B. Assignments for resonances (around the
CXXC motif, in particular) were challenging due to degeneracy
of the sequence in the three domains leading to overlap of signals.
Secondary chemical shifts of the backbone 13C nuclei are in
agreementwith those expected frompreviouslypublished secondary
structures ofWCBDdomains (31). Figure 1 shows the secondary
structure propensity (SSP) values that combine different chemical
shifts into a single residue-specific score of R-helical or β-strand
population by calculating the weighted experimental chemical
shift difference from random coil relative to that expected for
stable helix or strand (50). As expected, each domain has the
βRββRβ fold seen in all heavy metal-associated domains includ-
ing the previously published structures of WCBDs (31, 34, 39).
The various secondary structure elements within each domain
are numbered as follows: β1-L1-R1-L2-β2-L3-β3-L4-R2-L5-β4.
Residues 357-428 comprise domain 4, 429-485 the flexible
linker, 486-556 domain 5, and 565-632 domain 6. The residues
connecting β-strands 2 and 3 also show some R-helical character
but are part of a turn.
Effect of Cu(I) Binding on WCBD4-6. HSQC spectra

were recorded at each point during the titration of apoWCBD4-6
with CuSO4. This series of spectra made it possible to assign 79%
of the non-proline backbone resonances of the Cu(I)-bound spectra
and to detect chemical shifts in response to copper binding on a
per residue basis. Again, assignments around the CXXC motif
were more difficult. The 1H and 15N chemical shift differences
between the apo and Cu(I)-bound protein are shown in Figure 2
as theweighted average chemical shift differences,Δδ={[(ΔH)2þ
(ΔN/5)2]/2}1/2, where ΔH and ΔN are chemical shift differences
for 1Hand 15N, respectively. Copper-loading ofWCBD4-6 results
in small chemical shift changes that are localized to the residues
surrounding the copper binding sites, the CXXC motif, while the
rest of the residues remain largely unaffected (Figure 2). These
copper-dependent chemical shifts are observed for analogous

FIGURE 1: Secondary structure of apo WCBD4-6. CR and Cβ and
Co backbone chemical shifts were used in the SSP program (50) to
generate a secondary structure propensity plot. In folded proteins,
SSP values of þ1 are expected for R-helical structure and -1 for
β-strand structure.Domains 4, 5, and 6 are shown to have the βRββRβ
fold characteristic of heavy metal-associated domains.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1008535&iName=master.img-000.png&w=164&h=122
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residues across the three domains. Shifts observed outside the
immediate region of the CXXC motifs may be suggestive of
transient interactions between the domains, consistent with the
reported transfer of copper from domain 4 to a separate con-
struct of domains 5 and 6 (31). While a quantitative comparison
is not possible due to differences in temperature and buffer
conditions, the chemical shifts observed for domain 4 in the
context of WCBD4-6 change similarly upon copper binding to
those observed for domain 4 in a domain 3 to 4 construct (34).
Likewise, chemical shifts observed for domain 5 and domain 6
in WCBD4-6 change similarly upon copper binding to those
seen for domains 5 and 6 in isolation (31). These observations
suggest that when alone these domains bind copper in a similar
fashion to when present together in the context in which they
occur naturally.
TheFlexible LinkerMaintains Its Flexibility in bothApo

and Cu(I)-Bound States. 15N{1H} steady-state NOEs of
WCBD4-6 shown in Figure 3A indicate the presence of three
stable domains and a long highly flexible linker E429-V485
which shows low NOE values, sharp resonances, and chemical

shifts characteristic of disordered protein regions (e.g., 1HN

chemical shifts around 8 ppm). This flexible linker joins domain
4 to domains 5 and 6which are associatedmuchmore closely and
are separated by a very short (but also somewhat flexible,
according to NOE values) linker of only a few residues. The
backbone chemical shifts measured for the linker region between
domain 4 and domains 5 and 6 also indicate the lack of secondary
structure in this region (Figure 1). Low NOE values suggest that
the linker retains its flexibility in both the apo and Cu(I)-bound
states (Figure 3A) and becomes even more mobile in the Cu(I)-
bound state, based on the somewhat lower NOE values obtained
for residues in the linker region in the Cu(I)-bound form of a
protein (Figure 3B). As shown in Figure 3C, the resonances
originating from the linker also show a significant increase in
intensity due to a narrower line width whenWCBD4-6 is Cu(I)-
bound, in contrast to the ordered domains, which clearly demon-
strates the enhanced flexibility in the linker region. Note that this
effect is observable for WCBD4-6 samples which are loaded
directly with copper or by copper titration.
Copper(I) Binding Does Not Change the Relative Orien-

tation of Domains. The 15N R1 and R2 relaxation rates and
15N{1H} NOE values are effective reporters of overall rotation

FIGURE 2: Cu(I) binding to WCBD4-6. Chemical shift differences
between apoWCBD4-6 and Cu(I)WCBD4-6 are shown as a func-
tion of residue aswell asmapped onto the surfaces of domain 4 (PDB
id: 2rop) and domains 5 and 6 (PDB id: 2ew9). The surface having the
greatest chemical shift differences for each of domains 4, 5, and 6 is
displayed.Data fordomains 5and6are shown indifferentorientations
of the surface of domains 5 and 6, with the orientation chosen for the
domain 5 data completely obscuring domain 6. The domain graphics
were created using the molecular graphics program PyMOL (51),
using the scripts color_b.py and data2bfactor.py (provided by
Dr. Robert L. Campbell). Surfaces of domains 4, 5, and 6 are shown
in red-white, green-white, and blue-white gradients, respectively.
The gradient is from dark to light with darkest shades showing a
chemical shift of 0.06 ppm or greater and white for residues experi-
encing a chemical shift of 0.02 ppm or less. Unassigned residues are
colored gray. Cysteine residues from the CXXCmotif are shown in
yellow: Cys 370 and Cys 373 in domain 4, Cys 499 and Cys 502 in
domain 5, and Cys 575 and Cys 578 in domain 6.

FIGURE 3: Effect ofCu(I) binding toWCBD4-6on the flexible linker.
15N{1H} steady-stateNOEsof apoWCBD4-6andCu(I)WCBD4-6
(A).An expansion of the linker regions shows lowerNOEvalues in the
Cu(I)-bound (black) than in the apo (gray) forms (B). The ratio of the
peak intensities of the Cu(I)-bound to Cu(I)-free states ofWCBD4-6
(C) shows that the flexible linker increases in flexibility in the Cu(I)-
bound state. The dotted line (C) shows the peak intensity ratio=1.
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diffusion of the molecule and intermolecular motions of the
internuclear N-H vectors, routinely used for characterization of
the conformational flexibility of different protein regions. For
relatively rigid residues, the measured relaxation data primarily
reflect the overall tumbling of themolecule in solution. To further
analyze the effects of Cu(I) binding to WCBD4-6, 15N-spin
relaxation data for apo WCBD4-6 and Cu(I) WCBD4-6 were
measured. 15N R1 and R2 rates and

15N{1H} NOE values for the
apo and Cu(I)-loaded WCBD4-6, plotted in Figures 4A, 4B,
and 3A, respectively, were used for characterization of fully
asymmetric anisotropic rotational diffusion of individual domains
ofWCBD4-6 (Figure 5) and for the analysis of local intermolecular
dynamics of the domains (Figure 6) (as described in Materials
and Methods). Figure 4C shows correlation times (τc) obtained
from 15N R2/R1 ratios for individual residues of apo and Cu(I)-
bound WCBD4-6. Figure 5 shows the τc and the parameters
of the rotational diffusion tensor obtained from fittingR1 andR2

(at 600MHz) using the fully anisotropicmodel. Domain 4 has the
greatest motional freedom and a τc of ∼6.3 ( 0.03 ns (N=43)
(Figure 5), whereN is the number of residues used in calculations
of the rotational diffusion tensor. The τc value of domain 4, while
reflecting significant independent tumbling of this domain, is
likely increased due to restriction of motion by the long flexible
linker connecting it to domain 5; the effect of flexible linkers on
the relaxation behavior of connected domains has recently been
investigated byWright et al. (52). Although the closely associated
domains 5 and 6 have correlated motion due to the short linker
joining them, they have flexibility with respect to one another

basedondifferences in their correlation times, 9.7( 0.08 ns (N=32)
for domain 5 and8.2( 0.07 ns (N=32) for domain 6 (seeFigure 5).
This is in contrast to a previous report that the isolated domain 5
and 6 construct tumbles as a rigid dumbbell (31) but in agreement
with molecular dynamic simulations suggesting the N-terminal
metal-binding domains of related ATPases have motional free-
dom to reorientwith respect to one another depending on the length
of their linkers (53). Each of the three domains and the linker
region display distinct rotation correlation times in the apo state
(Figure 4C), suggesting that the domains reorient at different
rates, are flexible with respect to each other, and do not tumble as
a single large protein. The R1, R2, and τc for the domains do not
show large changes between the apo andCu(I)-loadedWCBD4-6

FIGURE 4: Dynamic properties of theWCBD4-6 residues in the apo
andCu(I)-bound states.R1 andR2 forWCBD4-6 residues in the apo
(A) and Cu(I)-bound (B) states, in s-1. Local effective correlation
time (τc) calculated from 15N R2/R1 ratios for individual amide
groups in the apo and Cu(I)-bound state (C). Data were collected
at 500 MHz (black) and 600 MHz (gray).

FIGURE 5: Rotational diffusion tensors of the apo and Cu(I)-bound
domains 4, 5, and 6 in the apo and Cu(I)-bound states. Directions of
principle axes of the diffusion tensors in the apo (black) and Cu(I)-
bound (red) statesmapped onto the structures of domains 4, 5, and 6.
Rotational correlation times and parameters of rotational anisotropy
in both states are provided below each domain.

FIGURE 6: Model-free parameters for the local motion of the back-
bone amide N-H of domains 4, 5, and 6 in the apo state. S2, the
squared generalized order parameter (A), τe, internalmotion correla-
tion time (in nanoseconds) (B), and Rex, exchange rate (in reciprocal
seconds) (C) are plotted as a function of the residue number. Values
are not shown for residues whose relaxation could not be measured
accurately (due to signal overlap) or for the flexible linker region. The
S2 (A) and τ (B) data shown for residues fit using the {Ss

2, Sf
2, τs}

model are S2 = Ss
2Sf

2 and τs, respectively.
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(Figure 4C), indicating that the overall dynamics of WCBD4-6
in the apo and Cu(I)-bound states remain the same in the two
states.

Rotational diffusion tensors of the apo and Cu(I)-bound
domains 4, 5, and 6 are shown in Figure 5. Tensors are nearly
axially symmetric (Dx/Dz ≈ Dy/Dz), and the parameters of
rotational anisotropy (Dx/Dz and Dy/Dz) are similar in both
the apo and the Cu(I)-bound states. The directions of principal
axes of the rotational diffusion tensors are similar in both the apo
and the Cu(I)-bound states; the directions ofZ axes between apo
and Cu(I)-bound forms differ by no more than 23 degrees for
domain 4, 29 degrees for domain 5, and 28 degrees for domain 6.
Together with the similar (although not identical) overall rota-
tional correlation times for individual domains in apo and Cu(I)-
bound states, the data show that the relative orientations and
mobilities of the domains in WCBD4-6 do not change signifi-
cantly upon binding copper.

15N relaxation data were analyzed by model-free analysis
assuming a fully asymmetric rotational diffusion tensor. The
model-free parameters S2, τe, and Rex for apo WCBD4-6 are
shown in Figure 6. Most residues from folded domains have
order parametersS2>0.6, indicating that the internalmotions in
the domains are restrained on the picosecond to nanosecond time
scales. Slightly lower order parameters of S2≈ 0.5 were observed
for four residues in domain 4: I408 and E423 in loops L4 and L5,
respectively, and I390 and E412 in β2 and R2, respectively.
Motions on pico- to nanosecond time scales with correlation
times (τe or τs) in the range 0.07-2.4 ns were detected for 17
residues in domain 4, 20 residues in domain 5, and 9 residues in
domain 6. Conformational exchange terms (Rex) of up to 2.6/s
pointing to micro- to millisecond time scale dynamics, were
detected for 8 residues in domain 4, 11 residues in domain 5, and 6
residues in domain 6. The first residue of the defined boundaries
for domain 5, A486, has a low order parameter (S2 of 0.2) and
higher internal correlation time (τs=1.3 ns), which demonstrates
that it is part of the long flexible linker connecting domains 4 and
5. Note that model-free parameters for the Cu(I)-bound state are
not reported due to inconsistencies in the data (seeMaterials and
Methods).
Protein-Protein Interactions with Atox1. HSQC spectra

can be used to map protein-protein interaction surfaces at
residue-level resolution, by monitoring the perturbation in the
positions or intensities of the resonances upon titration of a
binding partner. Apo Atox1 and Cu(I) Atox1 were titrated into
apo WCBD4-6 with final spectra representing fully saturated
complexes (seeMaterials andMethods). The final titration points
contain an excess of Atox1 toWCBD4-6, 5.8:1 and 7.8:1 for apo
Atox1 and Cu(I) Atox1, respectively. The titration with apo
Atox1 into apo WCBD4-6 shows that an interaction is detect-
able in the absence of Cu(I) or in the presence of the very low
levels of Cu(I) (see Materials and Methods). Chemical shift
differences between apoWCBD4-6 and each saturated complex
(final titration point) shown in Figure 7 are weighted average
chemical shift differences calculated in a similar manner as those
shown in Figure 2 for Cu(I) binding. Significant chemical shift
changes are observed for domain 4 and to a lesser extent for
domain 5 (Figure 7A). The linker region and domain 6 show no
chemical shift changes. This interaction pattern is consistent with
previously published results showing a complex in fast exchange
between Atox1 and WCBD4 in the presence of Cu(I) (31). This
is also in agreement with recent work on titration of domains
1-6 with Cu(I) Atox1 (33) showing a differential interaction of

domain 4 versus domains 5 and 6, although that study did not
show binding in the absence of copper. Our chemical shift changes
for WCBD4-6 interaction with apo Atox1 (Figure 7A) are only
somewhat smaller than thosemeasured forCu(I) Atox1 (Figure 7B),
suggesting that the interaction between Atox1 andWCBD4-6 is
driven primarily by protein-protein interactions and that the
presence of Cu(I), while not required, does lead to enhanced
binding.

WhenWCBD4-6 binds Cu(I) Atox1 (Figure 7B), presumably
enabling Cu(I) transport, the residues affected are very different
from residues involved in the binding of free copper (Figure 2).

FIGURE 7: Interaction of apoWCBD4-6with apo andCu(I) Atox1.
Chemical shiftdifferencesbetweenapoWCBD4-6andapoWCBD4-6
in a fully saturated complex with apo Atox1 (molar ratio 1:5.8) (A).
Chemical shift differences between apo WCBD4-6 and apo
WCBD4-6 in a fully saturated complex with Cu(I) Atox1 (molar
ratio 1:7.8) (B). Differences between initial and end points of the
titration are shown as a function of residue as well as mapped onto
the surfaces of the structures of domain 4 and domains 5 and 6 as
for Figure 2, with the orientation chosen for the domain 5 data
obscuring domain 6 in both (A) and (B) and the orientation for
domain 6 data obscuring domain 5 in (A).
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These data suggest that the targeting of copper by Atox1 to
domain 4 is driven by favorable protein-protein interactions;
this is further supported by the interaction of Atox1 even in the
apo state with domain 4 (Figure 7A). Our findings are consistent
with the data forMNK4-6 andMNK1-6 showing that domain
4 is the domain that receives copper from Atox1 (29, 30).
Copper(I) Binding to WCBD1-6 Does Not Appear To

Induce aSignificantChange inRelativeMobility ofDomains.
Comparison of spectra of apo WCBD1-6 to those of apo
WCBD4-6 demonstrates overlap of many of the resonances
(Figure 8A), indicative of limited interactions between domains
1-3 and 4-6. The spectra for domains 1-6 in the apo andCu(I)-
bound states are overlaid in Figure 8B, with the large degree of
overlap suggestive of similar overall behavior in the absence and
presence of copper. Visual inspection of WCBD1-6 spectra
in both states reveals sharp peaks having line shapes typical of
smaller proteins with reasonably rapid overall tumbling. The
assignment of NMR resonances of N-terminal copper-binding
domains 1-6 of ATP7B, a 72 kDa protein, by Banci et al (33)
without the need for specialized methods for “large” protein
NMR (54, 55) also argues for significant motional flexibility.

These observations are inconsistent withWCBD1-6 tumbling as
a single unit in either apo or copper-bound states. Correlated
motions of domains 5 and 6, consistent with the results for
WCBD4-6, are expected, and it is possible that motions of
additional domains are also correlated. Overall, however, the
results are supportive of a model in which the binding of copper
to WCBD1-6 leaves the domains largely flexible with respect to
one another.

DISCUSSION

Many proteins contain multiple binding domains connected
by linkers. These multiple domains can participate in interdomain
motions that play a key role in molecular recognition and regu-
lation. The WCBD N-terminal region of ATP7B contains six
copper-binding domains joined through linkers of various
lengths and flexibility. These domains are involved in many
aspects of copper metabolism. WCBD receives copper through
interaction with the copper chaperone Atox1 (19-21) and binds
copper in a cooperative manner (15, 40). There have been many
studies alluding to a conformational change or transition in the
N-terminal region domains of both the Wilson (15, 40) and the
Menkes ATPase (15, 16, 56, 57) upon copper binding. In order to
more specifically characterize the conformational transitions that
have been suggested to take place upon binding copper and to
detect interactions with protein partners that can ultimately
regulate copper transport by ATP7B, we have employed NMR
spectroscopy to probe the structural and dynamic properties of
WCBD4-6,metal-binding domains 4-6 of theN-terminalmetal-
binding domain ofATP7B, as well as to describeWCBD1-6, the
full N-terminal domain.

Our results reveal that the three domains in WCBD4-6 have
independent mobility in solution. Domain 4 tumbles indepen-
dently and is connected by a long flexible linker to domains 5 and
6 which are joined only by a very short linker and tumble with
some flexibility with respect to each other (Figure 3A,B).
Analysis of the correlation times for WCBD4-6 (Figures 4
and 5) suggests that domains 4, 5, and 6 tumble as separate
entities in the apo state and Cu(I)-bound state, with distinct τc
values of 6.3 ( 0.03, 9.7 ( 0.08, and 8.2 ( 0.07 ns, respectively
(Figure 5). The closely associated domains 5 and 6 have different
correlation times (9.7 ( 0.08 and 8.2 ( 0.07 ns, respectively; see
Figure 5) and, therefore, have flexibility with respect to one
another which is in contrast to that reported previously for the
isolated domain 5 to 6 construct (31). The correlation times for
domains 4 and 5 are larger than those previously reported for
isolated domain 6 and domains 5 and 6 (4.5 and 9.1 ns,
respectively, at 25 �C (31)), with the long flexible linker connect-
ing domain 4 to domain 5 possibly leading to an increase in the
correlation times (52). This linker effect may also contribute to
the reported increases inR2 values for residues of domain 5 of the
ATP7A domains 4-6 (29).

Our relaxation analysis of WCBD4-6 shows no evidence in
support of significant copper-dependent conformational change
due to the rearrangement or reorientation of domains 4, 5, and 6
relative to each other (Figure 5). The fairly sharp resonances of
WCBD1-6 in the apo and Cu(I)-bound states (Figure 8B) point
to domains that do not tumble as a single unit but instead are
somewhat flexible with respect to each other, as in WCBD4-6.
Importantly, copper binding to WCBD1-6 does not induce
the formation of a larger uniformly tumbling globular unit as
there is no drastic change in the overall dynamic character of the
N-terminal domains upon binding Cu(I). Secondary and tertiary

FIGURE 8: WCBD1-6 spectra in apo and Cu(I)-bound states.
HSQC spectra (45 �C) of apoWCBD4-6 (blue) and apoWCBD4-6
(black) show overlap in a significant number of peaks (A). TROSY
spectra (25 �C) of WCBD1-6 in the apo (black) and Cu(I)-bound
states (red) is typical of smaller molecules with high mobility (A).
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conformational changes reported by Didonato et al. (15, 40) in
WCBD1-6 by the binding of copper are probably due to the
effect of copper binding on residues within each domain as
detected by the chemical shift changes in our Cu(I)-binding
experiments on domains 4-6. In addition we find that, even in
the absence of copper, Atox1 interacts preferentiallywith domain
4, which has greater motional freedom than domains 5 and 6.

Based on these data and thework of others on themetal-binding
domains of ATP7B and ATP7A (30, 33, 53, 58), the flexibility
between the domains in the apo and Cu(I)-bound state appears
to be a key feature of the N-terminal region of multidomain
Cu-ATPases and copper binding. Domain-domain flexibility in
this region provides motional freedom to the domains that, by
increasing their accessibility, could facilitate protein-protein
interactions with the copper chaperone Atox1 in order to receive
copper and to subsequently transfer copper to the otherN-terminal
copper-binding domains and finally to the transmembrane site
for transport across the membrane. The idea of a transition from
disorder and flexibility to order upon binding has long been a
central paradigm in protein structure and dynamics; in fact, the
stabilization of tertiary structure bymetal binding is a key feature
ofmetalloregulatory proteins (59).Nevertheless, there are examples
of retention of dynamics or even increases in motion upon
binding (60, 61). This appears to be another such example, with
retained flexibility and relative conformation freedom between
the domains, creating an ensemble of states that may facilitate
the multistep process of copper transport by copper-transporting
ATPases.
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